Abstract. Rapid freezing and freeze substitution were used in conjunction with immunofluorescence, whole mount EM, and immunoelectron microscopy to study the organization of myosin and actin in growth cones of cultured rat superior cervical ganglion neurons. The general cytoplasmic organization was determined by whole mount EM; tight microfilament bundles formed the core of filopodia while a dense meshwork formed the underlying structure of lamellipodia. Although the central microtubule and organelle-rich region of the growth cone had fewer microfilaments, dense foci and bundles of microfilaments were usually observed. Anti-actin immunofluorescence and rhodamine phalloidin staining of f-actin both showed intense staining of filopodia and lamellipodia. In addition, staining of bundles and foci were observed in central regions suggesting that the majority of the microfilaments seen by whole mount EM are actin filaments.
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Anti-myosin immunofluorescence was brightest in the central region and usually had a punctate pattern. Although less intense, anti-myosin staining was also seen in peripheral regions; it was most prominent at the border with the central region, in portions of lamellipodia undergoing ruffling, and in spots along the shaft and at the base of filopodia. Immunoelectron microscopy of myosin using postembedment labeling with colloidal gold showed a similar distribution to that seen by immunofluorescence. Label was scattered throughout the growth cone, but present as distinct aggregates in the peripheral region mainly along the border with the central region. Less frequently, aggregates were also seen centrally and along the shaft and at the base of filopodia. This distribution is consistent with myosins involvement in the production of tension and movements of growth cone filopodia and lamellipodia that occur during active neurite elongation.
T hE organization of growth cone actin has been studied by light and electron microscopy (24, 25) , but has not been correlated with growth cone morphology, which may relate to the speed of neurite elongation and the mode of growth cone advance (3) . Although myosin has been detected by immunofluorescence in growth cones of neurons in primary culture (21, 34, 36) and PC12 cells (24) , it is not clear how it is organized in relation to actin filaments and it has not been studied with immunoelectron microscopy. This is because of two problems associated with detecting myosin in growth cones of neurons grown in primary culture. First, myosin seems to be especially sensitive to fixation induced changes that cause the loss of antibody binding capacity. Second, growth cones themselves are especially sensitive to fixation-induced changes in their morphology. This means that mild fixation procedures that are required to maintain myosin antigenicity are not sufficient for good morphological preservation (21, 24) . This has prevented a clear description of myosin organization and its structural interaction with actin in growth cones of cultured neurons.
To overcome these problems we have adapted freezing and freeze substitution procedures that circumvent both the distortion of growth cone morphology and loss of antigenicity by myosin. This has allowed us to use immunofluorescence and immunoelectron microscopy under conditions that potentially give a more accurate description of growth cone structure, as well as myosin and actin organization.
An accurate description of actin and myosin organization may be important because there is considerable evidence that the production of tension by the growth cone is somehow involved in either the elongation process or guidance (4, 6, 23) . The mechanism for tension production is thought to occur through the interaction of actin and myosin (reviewed in reference 26). Although recent work on Aplysia neurons and PC12 cells using video-enhanced DIC (1, 15) has challenged whether tension is important for neurite elongation, this does not necessarily mean that actin-myosin interaction may not be important for some aspect of growth cone motility or guidance that leads to directed neurite growth. For example, depolymerization of growth cone actin greatly slows neurite elongation and causes disorientation of the growth (28) . Uncertainties related to how actin is producing its effect on neurite growth suggest that a closer look at myosin and actin organization in growth cones is warranted.
Materials and Methods

Cell Culture
The culture methods for rat superior cervical ganglion neuron explants or dissociated cells were the same as has been described previously (18) except laminin (Collaborative Research, Inc., Waltham, MA) was used as the adhesive substrate. Laminin-coated coverslips were prepared by the method described by Rogers et al. (33) .
Freezing
Freezing was done one of three ways depending on the purpose for which the specimen was to be used. (a) Immunofluorescence: Explants were grown on 22 × 22-mm coverslips. Immediately before freezing the coverslips were removed from an adjacent incubator, picked up with forceps, blotted once to remove excess culture medium, and then plunged quickly by hand into a stirred mixture of propane/ethane (3:1) cooled to ,'~-190°C by liquid nitrogen. The delay between removal from the incubator to the point of freezing was 10-20 s. (b) Whole mounts: Explants were grown on gold EM grids coated with formvar. They were removed from the incubator, rinsed with warm L-15, quickly blotted of excess fluid, and then frozen rapidly by spring driven entry (at >3 M/s) into a stirred mixture of propane/ ethane (3:1; -190°C; reference 8). (c) Thin sections: Explants were grown on 4-mm glass disks. They were mounted on the freezing head ofa Heuser/ Reese type "slam" freezing machine, blotted free of excess fluid, and frozen rapidly by dropping on to a polished copper block cooled by liquid helium (17) . To prevent retraction of growth cones that can be induced by precooling of specimen by the cold helium vapor, the specimen were protected by a foam cap until just before dropping onto the copper block.
Freeze Substitution
Three different freeze substitution protocols were used depending on the method of freezing and the purpose for which the specimen were to be used. (a) Immunofluorescence: The coverslips containing explants that had been stored in liquid nitrogen were transferred directly to -80°C methanol containing 1% formaldehyde. The methanol/formaldehyde solution was allowed to warm over a 30-min period to -20°C in a standard freezer. The samples were then rehydrated by transfer to PBS at room temperature. (b) Whole mounts: The procedure was as previously described (8) . Briefly, this entailed substitution in acetone containing the following sequence of fixatives: 10% acrolein, 0.2% osmium, and then 10% glutaraldehyde. Staining was with 0.5% uranyl acetate and 0.5% hafnium chloride. (c) Thin sections: Samples were substituted at -80°C in acetone containing 0.1% uranyl acetare (anhydrous) for 24 h. They were then warmed to -70°C and rinsed three times with acetone and three times with methanol.
Antibody Labeling for Imraunofluorescence
Freeze substituted, rehydrated ceils were incubated with primary antibodies to chicken gizzard actin (rabbit anti-actin; Biomedical Technologies, Inc., Cambridge, MA) or human platelet myosin (rabbit anti-myosin; Biomedical Technologies, Inc.) at a 1:10 dilution for 1 h. They were rinsed three times and then incubated with the: appropriate rhodamine-conjugated secondary antibody (Organon Teknika-Cappel0 Malverne, PA) at a 1:400 dilution for 45 rain. For labeling mictotubules, a rabbit antiserum against sea urchin tubulin (Polysciences, Inc., Warrington, PA) was used at a 1:50 dilution. The secondary antibody was conjugated to fluorescein and was used at a 1:500 dilution. The labeling procedure was that described by Terasaki et al. (38) .
Rhodamine-PhaUoidin Staining
Cells were fixed with a warm solution containing 0.25% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. They were then incubated with a solution containing 0.2% saponin and 0.33/~M rhodamine phalloidin (Molecular Probes, Eugene, OR) in buffer for 5 rain, rinsed, and mounted for observation,
Immunofluorescence Microscopy
Stained ceils were viewed and photographed with Tri X or T Max Film (Eastman Kodak Co., Rochester, NY) on a Zeiss IM-35 microscope using a 63:< planapo or 100× Neofluor lens.
Preparation for Electron Microscopy
Whole Mounts. After freeze substitution, grids containing explants were critical-point dried as previously described (8) and then coated with a thin layer of carbon.
Embedment in KIlM and Postembedment Antibody Labeling. The procedure used was the new Lowieryl low temperature resin KIIM (Polysciences, Inc.; 11). Samples were infiltrated at -60°C according to the following schedule: (a) l:l acetone/KllM for 24 h; (b) 1:2 acetone KlIM for 24 h; (c) 100% KI1M (two changes) for 24 h. Samples were then placed in shallow aluminum dishes containing fresh KllM and covered tightly with plastic wrap. Polymerization of the K11M with UV light was done gradually to prevent buildup of heat that may occur during the exothermic reaction (2) 
Electron Microscopy
Whole mounts were viewed at 100 KV in a JEOL 100CX-11 or at 1000 KV in an A.E.I. EM-7. Thin sections were viewed at 80 KV in a JEOL 100CX-11.
Results
Specificity of Antisera
The anti-human platelet myosin antiserum was designated by the manufacturer to be specific for the vertebrate nonmuscle myosin heavy chain. It was reported to contain no detectable cross reactivity with any other protein including skeletal, smooth, or cardiac muscle myosin. Immunoblots of purified human platelet myosin confirmed that it reacts with both the intact heavy chain and the portion of the heavy chain that makes up the rod portion of the myosir~ molecuSe (Fig. 1) . To insure that the antiserum showed specific cross-reactivity with rat superior cervical ganglion (SCG) nerve myosin, immunoblots were also performed on whole SCG protein. Only a single hand at 205 kD could be detected, suggesting that the antiserum reacts primarily if not only with the heavy chain of rat nerve myosin (Fig. 1) ,
The anti-actin antiserum was raised against purified chicken gizzard actin and was reported by the manufacturer to be specific for G and F actin from both muscle and nonmuscle cells of vertebrates and invertebrates. The fluorescence staining pattern in rat fibroblasts was consistent with that expected for actin; stress fibers and lamelli stained intensely (data not shown). Control preparations showed no staining.
The anti-tubulin antiserum was against sea urchin tubulin. In rat fibroblasts it showed a pattern of staining characteristic of microtubules (data not shown). (30) . Two major bands are seen. The first at 205 kD represents the intact myosin heavy chain while the second at 130 kD represents a degradation product of the heavy chain (lacking the portion of the heavy chain that makes up the head of the myosin molecule) that is commonly seen in these preparations. Lanes 3 and 4 represent the Western blot of the gel prepared using a phosphatase reaction product detection system and Zeta-Probe membranes (Bio-Rad, Richmond, CA). Lane 3 is the whole SCG protein which shows only a single reactive band at 205 kD. Lane 4 is the purified platelet myosin which shows reaction of both major bands at 205 and 130 kD.
General Morphology of Growth Cones
Rapid frozen, freeze-substituted whole mounts provided a good means for observing the overall organization and threedimensional structure of intact growth cones. In our analysis we focused upon relatively large growth cones that showed broad peripheral expansions because these tend to be associated with the most rapidly elongating neurites in our culture system. Each explant in our culture system produces large numbers of readily observable growth cones. The observations are thus compiled from >300 images of individual growth cones from 15 different preparations. In EM stereo pairs it was apparent that the base or initial expansion of the growth cone from the neurite was usually thick,relative to the remaining more thinly spread area. The base usually contained mitochondria, dense core vesicles, clear vesicles, and a network of membranous tubules (Fig. 2 ). Microtubules were numerous as they splayed out from the neurite into the expansion. To identify this region of the growth cone we will u~e the terminology that was introduced for the description of distinct cytoplasmic regions in rapid frozen fibroblasts (10) and that has recently been extended to the description of growth cones derived from Aplysia neurons (14) . This organelle and microtubule-rich region will be referred to as the central or C domain. The surrounding thinly spread region of the growth cone will be referred to as the peripheral or P domain. The P domain was usually devoid of organelles and was penetrated by only a few microtubules. Depending upon whether the P domain contained distinct filopodia, the organization of microfilaments differed. If filopodia were present, then the P domain contained distinct tight bundles of microfilaments which formed the core of the filopodia (Fig. 2 A) . The proximal ends of many of the bundles ended at the boundary between the P and C domain although occasionally bundles did extend into the C domain. A meshwork of microfilaments extended between the microfilament bundles and were especially dense within lameUipodia or veils that spread between filopodia. If the growth cone completely lacked filopodia at the leading edge then distinct bundles of microfilaments were usually not detectable, although often within such broadly spread lamellipodia there were some less precisely aligned, loose bundles containing several filaments (Fig. 2 B) . Most of the lamellipodia contained an overlapping meshwork of filaments that were roughly oriented so that they extended from the periphery towards the C domain similar to the orientation of the microfilament bundles in growth cones with filopodia. In stereo images it was apparent that both filopodia and lamellipodia were sometimes raised above the substrate, indicating that they probably were only loosely adhesive and frozen during movements.
In some growth cones the ends of microfilament bundles terminated in distinct mounds that appeared to represent aggregations of microfilaments (Fig. 3 ). The size of these aggregations or foci varied; sometimes they were relatively small and did not form a distinct mound (Fig. 3 B) , while in other instances they were large and seemed to project upward in a manner that resembled a nascent filopodium (see Fig. 2 ). Most growth cones had between 3 and 10 aggregations. The relationship between microfilament bundles and the aggregations was complex because the aggregations could also exist in completely lamellipodial growth cones without distinct microfilament bundles in the P domain.
To determine whether the microfilaments observed in whole mounts were actin filaments, fluorescence staining with the F actin-specific toxin, rhodamine-phalloidin was performed. The thin P domain of the growth cone, whether it contained filopodia or lamellipodia, stained intensely. When observing the pattern of stain by eye in the microscope the bright staining in the lamellipodia often appeared as a sheet of filaments roughly oriented with one end at the leading edge. Because of the extreme brightness of these areas the staining appeared to be almost homogeneous in photographs (Fig. 4, A-C) . In any case, the brightness of the staining indicates a very high concentration of actin filaments. The central region also stained but the :pattern was much more variable. In most cases numerous distinct lines transected the C domain which presumably represent bundles of actin filaments (Fig. 4, A and B) . Less frequently the C domain was almost devoid of any staining except along the border where there was a transition into the P domain (not shown). The transition regions usually contained lines of stain which probably represent actin bundles. In many instances the transition zone and C domain also contained very bright spots of staining which may represent discrete actin filament aggregations (Fig. 4, A and B) . These staining patterns were consistent with the range of distribution of microfilaments seen in the rapid frozen whole mounts. We therefore assume that the majority of the microfilaments that are observed in whole mounts, including those that form the distinct filament aggregates or foci, represent actin filaments.
In contrast to the staining pattern seen with rhodamine- The cytoplasm of this cell is slightly reticulated due to ice crystal formation during the freezing. This tends to obscure the filaments that make up the meshwork but has little effect on the visualization of bundled microfilaments. (B) A higher magnification stereo view of two foci (arrowheads) in a growth cone from a fixed whole mount preparation. Fixed cells had less densely staining granular material that tends to obscure filaments than directly frozen, freeze-substituted cells. Microfilaments appear to connect to a dense material at the foci.
phalloidin, immunofluorescence staining of microtubules showed that they were most concentrated in the C domain (Fig. 4 D) . As microtubules left the neatrite they splayed out in a variety of patterns. Sometimes the microtubules were only slightly curved and a few penetrated into the P domain; rarely they extended all the way to the growth cone margin. In such cases they often seemed to align with actin filament bundles (compare Fig. 4 , C and D). Sometimes microtubules were distinctly bent in tight but smooth curves or were looped and stayed within the C domain. The immunofluorescenee images of microtubules were especially useful in determining the pattern ofmicrotubules at the thick base of the growth cone where the superimposition of organelles and cytoplasmic material made the identification of microtubules in whole mounts more difficult. The pattern observed by immunofluorescence was consistent with and complemented that which was observed in the rapid frozen whole mounts.
Immunofluorescence o f Actin and Myosin
Immunofluorescence staining of frozen, freeze-substituted growth cones using antibodies against actin gave a staining (m), and numerous dense core vesicles. The peripheral (P) domain contains distinct microfilament bundles (arrowheads) that form the core of the majority of filopodia. A meshwork of microfilaments fills the cytoplasm between the filament bundles in the peripheral domain.
Some of the microfilament bundles appear to terminate in discrete areas (arrow) that stain darkly compared to the surrounding cytoplasm.
(B) A typical pure lamellipodial type growth cone (no filopodia at the leading edge) is shown. The C domain has the same characteristics as indicated for the growth cone shown in A, while the P domain differs in two respects (the boundary between the two domains is indicated by the dotted line). Filopodia are not present at the leading edge and distinct tight bundles of microfilaments are not seen. The meshwork of microfilaments within the lamellipodia is organized with approximately the same orientation as the tight bundles; micro filaments extend from the leading edge towards the C domain. Although distinct tight bundles of microfilaments are not seen, some looser bundles of several microfilaments are seen integrated within the meshwork (arrowheads). Dense aggregates of microfilaments are also seen (arrows), but it is not obvious whether the filaments in the P domain terminate at these points. . Microtubules splay out from the neurite in the C domain and often loop or make relatively tight S turns. Some microtubules penetrate into the P domain and occasionally extend almost all the way to the edge. Actin filaments and microtubules often seem to be aligned in the P domain and in transition zone between the two domains. P, peripheral domain; C, central domain.
pattern similar but not identical to that seen with rhodaminephalloidin. The observations are based upon 93 images of individual growth cones from four separate preparations. Typically (in 87 % of the growth cones observed) the brightest staining was again seen in lamellipodia and filopodia (Fig. 5, A and B) . However, unlike the pattern seen with the rhodamine-phalloidin, the brightly stained areas appeared homogeneous both to the eye and in photographs. Similar to the rhodamine-phalloidin staining, the C domain stained less brightly than the P domain. The C domain also tended to have lines of stain that probably represent actin bundles, although this was less obvious than in the rhodamine-phalloidin-stained growth cones. In addition, neurites stained much more intensely than with rhodamine-phalloidin. These dif- The actin staining is similar to that seen with rhodamine-phalloidin; the P domain is intensely stained compared to most of the C domain. Occasionally the C domain contains bright spots of stain. However, neurites stain brighter than with rhodamine-phalloidin. (Cand D) The myosin staining is brightest in the C domain and is often punctate when precisely focused (C). Staining is also bright in the transition zone between the P and C domains. Small spots of stain can be seen distributed throughout the P domain and are especially bright at the base of some filopodia (arrows in C). Small spots of stain can also be seen along the length of some filopodia (arrowhead in C). In growth cones with broad expanses of lamellipodia the staining was more intense in areas of the P domain that appeared to be ruffling at the time of freezing (arrowheads in D). The increased intensity of stain in the ruffles and the C domain may result from the increased fluorescence path length associated with these areas.
ferences may result from the fact that the antibody recognizes both G and F actin while rhodamine-phalloidin stains only F actin.
Immunofluorescence staining of growth cones with antibodies to myosin gave a unique pattern of staining. These observations are based upon 163 images of growth cones from seven different preparations. The staining was typically most intense in the C domain (in 82 % of the growth cones that were observed), although staining was also present in the P domain (Fig. 5, C and D) . Often the staining had a punctate pattern. However, very bright staining of the C domain often obscured this pattern in the photographs, as did slight changes in the plane of focus. Sometimes the spots of stain seemed to line up, as if aligned along filament bundles. However, this pattern was very subtle and difficult to demonstrate in the photographs that were obtained. The base of filopodia was often associated with especially bright spots of stain. Some filopodia also contained distinct spots of stain periodically along their length (Fig. 5 C) . Neurites stained brightly along their entire length. In some growth cones containing broad areas of lamellipodia discrete ruffles stained brightly compared to the surrounding lamellipodial area (Fig. 5 D) . This was in sharp contrast to the staining pattern seen with the anti-actin antibodies in lamellipodial type growth cones (Fig. 5 B) . The actin staining was intense throughout the lamellipodia and characteristically much less bright within the C domain. Frequently growth cones stained with the antimyosin antibodies contained bright fluorescent spots in a transition zone between the P and the C domains. We tried to determine whether these brightly staining areas corresponded to the bright areas seen with the anti-actin or rhodamine-phalloidin staining by double labeling the same growth cone. However, the results were inconclusive because we were unable to prevent cross-reaction of the fluorescent secondary antibodies and the phalloidin staining did not work on freeze substituted cells. We do not know why phalloidin staining did not work after freeze substitution since it presumably has less of an effect on cell structure than traditional fixation and dehydration processes. However, removal of the hydration shell surrounding proteins undoubtedly causes conformational changes. Small changes that affect positions in the range of only Angstrom units might be sufficient to inactivate the binding site for even tightly binding agents such as phalloidin, although it would not be possible to see these changes with the best electron microscope techniques.
lmmunoelectron Microscopy
A variety of methods were tried to localize myosin at the ultrastructural level. All attempts to use preembedment labeling procedures such as described by Langanger et al. (22) , were unsuccessful because even mild fixation destroyed the antigenicity of myosin while permeabilization procedures that avoided fixation before labeling disrupted the organization normally seen in freeze-substituted growth cones by ira- Figure 6 . Immunogold labeling of microtubules (A) and myosin (B) on thin sections of rapid frozen, freeze-substituted neurites embedded in Lowicryl KllM. (A) A longitudinal section through a neurite incubated with an antiserum against tubulin followed by anti-rabbit IgG conjugated to 10-nm colloidal gold. Colloidal gold is closely associated with microtubules (Mt). (B) A slightly oblique longitudinal section through a neurite incubated with the antiserum against myosin followed by anti-rabbit IgG conjugated to 10-nm colloidal gold. Colloidal gold is not associated with microtubules but seems to be most prevalent just beneath the membrane surface, especially at the bottom of the picture (arrowheads) where the plane of section is about to leave the neurite. Both A and B were grid stained with uranyl acetate followed by potassium permanganate. . An en face section cut through a broadly spread lamellipodium that has been incubated with the antiserum against myosin tollowed by anti-rabbit IgG coniugated to 10-nm colloidal gold. Faintly stained filaments (arrowheads) radiate from the leading edge towards the C domain. The colloidal gold seems randomly distributed throughout the lamellipodium except at the transition region between the P and C domains. In this region aggregates of 15-20 gold particles (arrows) can be seen that are often associated with areas of increased staining or electron density. However, not all areas of increased electron density are associated with colloidal gold label. Mt, microtubule; P, peripheral domain; C, central domain. Grid stained with uranyl acetate.
munofluorescence. Attempts to label intact cells after freezing and freeze substitution were unsuccessful because even 5-nm gold particles were unable to penetrate into the cytoplasm. For this reason thin section postembedment labeling procedures on rapid frozen, freeze substituted cells were used.
The postembedment labeling method that was used has proven to be successful in other studies carried out by this laboratory to detect the distribution of acetylcholine receptors and associated proteins in Torpedo electroplaque cells and membrane fractions (Bridgman, P. C., unpublished results). To test the specificity of the labeling procedure for SCG neurons, a positive control was done. Microtubules are readily recognizable in the thin sections of Lowicryl K11M embedded neurites and growth cones. We therefore first used the antiserum against tubulin followed by a 10-nm colloidal gold-tagged second antibody to see if microtubules could be labeled. Gold particles were seen along neurites and at the base of growth cones. Often the gold particles were aligned on or in close proximity to microtubules suggesting that the labeling procedure was highly specific (Fig. 6 A) . The resolution of postembedment labeling procedures employing the double antibody, colloidal gold technique is generally considered to be •25 nm when using 10-rim gold particles. This is consistent with results we have obtained in other studies (Bridgman, P. C., unpublished results). To quantitate the percentage of microtubules that were labeled we counted the number of microtubules that were associated with at least one gold particle closer than 25 nm. 76% of microtubules were labeled according to this criterion (n = 228). In addition, gold particles were in low density in areas of neurites or growth cones without recognizable microtubules.
In comparison to the distribution of label seen using the anti-tubulin antiserum, the anti-myosin antiserum gave a completely different pattern of label. In neurites the label was confined almost exclusively to the area just beneath the plasma membrane (Fig. 6 B) . In en face sections of growth cones the pattern of labeling was much more complex. The following observations are based upon 152 images of '~ 20 different growth cones from three separate preparations. In the P domain, especially within broadly spread lamellipodia, label was scattered throughout in a seemingly random manner (Fig. 7) . The label did not seem to associate preferentially with filaments which presumably represent bundled actin filaments. In the transition zone between the P and C domains the label tended to be less uniformly scattered. Aggregations of 10-20 gold particles were common and were often associated with irregularly shaped darkly stained areas (Fig. 7) . Some of the first sections which were cut so that they barely grazed beneath the bottom membrane surface of the P domain sometimes gave a higher density of labeling and larger numbers of aggregates than sections that were cut deeper into the cell cytoplasm (Fig. 8) . Aggregations of label were commonly found immediately adjacent to the base of filopodia (Fig. 9 A) . Label was also sometimes seen in small aggregates of several gold particles along the length of filopodia (not shown).
Within the C domain, label was present as scattered single gold particles, although aggregates of gold particles were also present (Fig. 9) . These aggregates were often, though not always, associated with irregularly shaped darkly stained areas. Sometimes the aggregates of label were in close proximity to distinct filaments that may represent bundles of actin filaments. Occasionally label was seen adjacent to microtubules although this was not a consistent finding.
To determine if the concentration of label was different in the two domains we obtained quantitative values for the gold particle density from four growth cones (Table I) . For the quantitation we selected only growth cones that were sectioned so that large portions of both the C and P domains could be seen on the same section. Only rarely was the plane of section oriented so that this was achieved. Although this limited the number of growth cones that could be used for quantitation, it was necessary because of the variation in absolute level of labeling and background from grid to grid which probably results from the plane of section and some variation in the efficiency of the blocking and washing procedures. As indicated in Table I , the average density of label was the same for both domains. On the same growth cones we compared the average density of aggregates per section for the two domains. An aggregate was arbitrarily defined as a minimum of 10 gold particles within a circle with a diameter of 0.25/~m. The peripheral region had an average of 0.12/#m 2 and the central region an average of 0.08//xmL This indicates that the concentration of aggregates is only slightly greater in the P domain. However, many of these aggregates (57%) were located in a zone adjacent (within 1.5 /~m) to the C domain. Moreover, the volume of the C domain is greater because of its greater thickness, which is undoubtedly why the C domain stains brighter than the P domain with immunofluorescence.
Controls in which nonimmune serum were used or the primary antiserum was left out, showed a variable but relatively low background of colloidal gold label over growth cones (0.6-1.8 particles//~m2). This background label was always distributed as scattered single (occasionally double) particles, never as aggregates.
Discussion
The organization of actin filaments in rapid frozen growth cones was roughly consistent with that which has been described by previous workers (24, 25) . Actin filaments were highly concentrated in the P domain; they formed the core of filopodia and made up the supporting structure of lamellipodia. In lamellipodia they were occasionally tightly bundled but were more likely to be present as an overlapping meshwork. The individual filaments of both bundles and the meshwork were oriented so that they extended from the leading edge to the boundary with the C domain. The C domain also had actin filaments but in lower concentrations and usually the filaments were organized into bundles. The orientation of the actin filament bundles in the C domain was complex; sometimes they were oriented parallel with actin filaments in the P domain while in other cases they were perpendicular or at oblique angles. In addition to these features, there are two aspects of actin organization that have not been previously described or carefully considered.
First, actin filaments in the P domain sometimes terminate in distinct foci that are usually located about one third the distance back from the leading edge, in the transition region between the P and C domains. This may be important for the following reason. There is some evidence that actin filaments polymerize in a consistent orientation from the plasma membrane (37, 39) . The barbed or fast growing end of the actin reported to produce a staining pattern that is similar to the distribution of loci that we observe (36) . These foci may therefore be analogous to the Z lines seen in muscle cells, although to confirm this double labeling experiments need to be done. There is, however, a discrepancy between the orientation of actin that we have inferred from our observations and the organization known to exist in muscle cells. Muscle cell Z lines are associated with the barbed end of actin filaments, not the pointed end. Direct determination of the orientation of growth cone actin filaments by HMM or S1 Thin sections cut so that the plane of section revealed large areas (>18 #m 2) of both P and C domains in a single growth cone were selected for quantitation. All sections were labeled with the rabbit anti-myosin antiserum at a 1:10 dilution followed by anti-rabbit lgG conjugated to 10-nm colloidal gold. Background counts were from cell-free regions immediately adjacent to the growth cones used for quantitation.
decoration needs to be done to solve this apparent contradiction. Although the polarity of the actin filaments that radiate from the foci still needs to be determined, the presence of the foci is intriguing for the following reason. Presumably, the actin filaments that extend from the leading edge to the foci are oriented with the opposite polarity relative to the orientation of the growth cone compared to those that extend from the base of the growth cone in.the C domain and terminate at the foci. Consideration of actin filament polarity will be important for determining how the sliding of actin filaments or the production of tension is generated when actin undergoes interactions with myosin. Second, it is apparent that growth cones that lack filopodia in our cultures also usually lack distinct actin bundles in the P domain. This indicates that advance of growth cones is not dependent upon filopodia formation or their underlying actin bundles, since the growth cones with broad lamellipodia, lacking filopodia, are among those that advance most rapidly in our culture system (3). This observation is important for at least two reasons. Filopodia have been implicated in the production of tension which has been thought to provide the traction necessary for the forward advance and guidance of the growth cone (5). In addition, it has been recently suggested that the growth of an axon occurs through a typical sequence of events that involves (a) extension of filopodia, (b) growth of veils between adjacent filopodia, (c) followed by advance of organelles (i.e., components of the C domain) into the veils (15) . When filopodia are not readily evident, it was suggested that this was because they were being masked by the lamellipodia and would become apparent if the lamellipodia retracted. Although the role that filopodia are assumed to play in neurite elongation is vastly different in the two studies mentioned above, they both assume that filopodia are important for neurite elongation, contain core bundles of actin filaments, and that these bundles of filaments can be obscured by an advancing veil but nevertheless remain as distinct bundles. Our results suggest that this is not necessarily true because lamellipodia can exist without distinct filament bundles and are seen i n growth cones associated with rapidly elongating neurites. This brings into question whether filopodia and the associated actin filament bundles play an important role in the growth process. Note, however, that the actin filaments in lamellipodia, whether organized in a meshwork or as loose bundles, are roughly parallel to the distinct actin bundles seen in growth cones with filopodia. This may indicate that the orientation of actin filaments in the leading edge is more important for growth cone .advance than whether or not the filaments are bundled.
Details of myosin organization in growth cones of primary neurons have been sketchy and variable. Using immunofluorescence, Roisen et al. (34) and Kuczmarski and Rosenbaum (21) both reported diffuse staining while Shaw et al. (36) showed one picture of a punctate pattern of staining. One study has also described the immunofluorescence staining pattern seen in growth cones of PC12 cells (24) . In this latter study, myosin staining was localized and appeared to overlap in position with the distribution of strong actin staining. Our results suggest that the pattern of myosin localization is complex. For instance, lamellipodia contained very high concentrations of actin filaments but the amount of myosin in lamellipodia was no different than that seen in the C domain and was apparently diffusely distributed, except perhaps at points where active ruffling was occurring. Myosin label was typically concentrated in distinct aggregates at the base of filopodia, in the P domain where it transitions into the C domain, and less frequently within the C domain itself. These aggregates of label may have functional importance if they represent associations of several molecules as bipolar filaments. The different number and exact locations of the aggregates seen in different growth cones indicates that myosin localization may change with the activity and shape of the growth cone. This is consistent with the activity of myosin in other nonmuscle cells; myosin filaments can form and then rapidly break down in response to the activity of the cell (40) . It is apparent from the immunoelectron microscopy experiments that myosin may be more concentrated near the plasma membrane; cross sections showed more label just beneath the membrane and en face sections that just grazed beneath the membrane surface gave higher densities of label than those cut deeper into the cytoplasm.
The anti-myosin label which appeared as aggregates on thin sections were often associated with areas that stained dark compared to the surrounding area. The dark staining areas may be regions of substrate contact because contact regions often stain darker than adjacent regions (16) . However, we have no direct evidence that this is indeed the case. We also considered whether these areas could be the same dark staining areas seen in whole mounts that represent foci of actin filaments. This seems unlikely because the actin filament foci were relatively small in number (3-10/growth cone) while the aggregates of myosin label were usually >10/growth cone. In any case, the presence of two different types of dark staining regions may explain why not all the dark staining regions are associated with aggregates of myosin label. As indicated above, the aggregates of myosin label could possibly represent bipolar filaments made up of a few myosin molecules. However, it is difficult to judge how many molecules could be represented by the amount of label that was observed. Although we know from rotary shadowing that the antiserum contains antibodies to several epitopes on the heavy chain (Bridgman, P. C., unpublished results), there are many unknowns associated with translating the labeling seen by rotary shadowing to that seen using postembedment labeling. For instance, it is likely that when the plane of section passes through a myosin molecule, only a small percentage of the epitopes per molecule are exposed on the surface of the section and available for reaction with antibodies.
The presence of myosin in growth cones raises the possibility that sliding of actin filaments and contractile activity contributes to the movements seen in locomoting growth cones. This needs to be discussed in the context of two recent findings.
First, growth cones can still elongate, although relatively slowly, under conditions in which most of the actin has been depolymerized (28). This elongation is characterized by disoriented growth. Evidence has accumulated that this actinindependent elongation may be microtubule based. This means that there is probably more than a single mechanism involved in neurite elongation and guidance (27) . Thus actomyosin interaction may only be necessary for the higher rates of elongation seen under more physiological conditions and for determining the direction of growth.
Second, in several recent experiments the genetic expression of myosin has been suppressed in motile single cells by antisense RNA or gene conversion (13, 20) . Surprisingly, in both studies, the cells remained viable under certain culture conditions and still showed movement. However, the movement was abnormal, it was greatly slowed and normal chemotaxis was disrupted, although locomotion could still occur to some extent. This indicates that conventional myosin is probably not necessary for protrusive movements and some of the forces that can lead to motility. On the other hand, since locomotion was greatly slowed and the ability to steer in the correct direction abnormal, it is possible that conventional myosin is necessary or involved in the processes essential for rapid movements in a coordinated manner.
These different factors may be integrated into a reasonable explanation of how neurite growth occurs in our system if one accepts that elongation may involve a number of mechanisms operating simultaneously. This implies that a high rate of directed growth occurs only when these mechanisms are all operating in concert. These mechanisms would possibly include: (a) assembly and/or sliding of microtubules; (b) fast transport of membraneous organelles into the growth cone; (c) membrane addition at the growth cone; (d) protrusion of lamellipodia and filopodia through assembly of the actin cytoskeleton; (e) substrate attachment; (f) sliding of actin filaments through interaction with myosin in the peripheral region resulting in traction; and (g) contractile activity generated through the interaction of actin and myosin at the base of the growth cone resulting in consolidation into the neurite. In particular, these last three mechanisms may be necessary (but not sufficient) for the generation of rapid growth and steering of the neurite.
Although we feel that the interaction of actin and myosin may contribute to the rapid locomotion of growth cones in our system, it seems premature to construct a more detailed model of how this activity contributes to the motility. More information is needed on the structure and regulation of the growth cone actin-based cytoskeleton and how it interacts on a molecular level with myosin before this can be done satisfactorily. For example, a single headed globular form of myosin (myosin I) has been discovered in Acanthamoeba (29) and a similar form may also exist in vertebrate cells (12). This novel form of myosin has been shown to have shared epitopes with conventional myosin (myosin II) (19) . Although our antiserum showed no detectable cross-reactivity with any rat nerve proteins other than a 205-kD protein that presumably represents the heavy chain of a traditional type of myosin (myosin II), the possibility still remains that a myosin I-like molecule could exist in nerve and be responsible for some aspects of the motility that is observed.
